Abstract Duplex stainless steels are increasingly used for offshore subsea components as the technology allows for deeper recovery of oil and gas reserves. Alloy UNS S31803 (EN 1.4462/UNS S32205) combines high strength with good resistance to pitting and crevice corrosion. This grade is alloyed with nitrogen and has good weldability. For heavywalled process piping intended for subsea sour service, the properties of the root pass are of high importance. For this reason, the effect of using nitrogen in the backing gas was investigated. Test pieces were manually welded with the gas tungsten arc welding (GTAW) process using an ER2209 filler wire. Tensile, bending and hardness testing was carried out and showed acceptable results across all specimens. Higher contents of nitrogen in the backing gas showed more austenite formation and a significant increase in pitting corrosion resistance when compared with pure argon. With Ar + 2 % N 2 , there was no pitting, but a small weight loss of 1.7 g/m 2 was measured. 10 % N 2 was required to pass both the corrosion tests ASTM G48 Method A (4 g/m 2 ) and ASTM A923 (1 g/ m 2 ). The highest average impact toughness was achieved with pure nitrogen as the backing gas.
Introduction
Ferritic-austenitic (duplex) stainless steels have a dual-phase microstructure consisting of approximately equal amounts of ferrite and austenite, which provide excellent mechanical and corrosion resistance properties. Welding ultimately alters the phase balance affecting the properties of the weldment. Duplex weld solidification is primarily ferritic, and transformation to austenite is through a solid-phase transformation. Initial austenite formation takes place intergranularly followed by Widmanstätten side plates. Early production of ferriticaustenitic stainless steels often resulted in an unequal balance of the two-phase microstructure of approximately 70 % ferrite and 30 % austenite, which posed problems with ductility and in-service corrosion resistance [1, 2] . The introduction of nitrogen into the duplex base material, filler metals and shielding gases greatly improved the weldability and localized corrosion resistance of duplex alloys [3] . Additions of nitrogen were reported as enhancing austenite formation, ductility and increased resistance to corrosion [4, 5] . This improved weldability has contributed to increased demand for duplex materials across all industries. When using over-alloyed filler metals, the resulting duplex weld metal will have ferrite levels of between 30 and 70 %, depending on primarily alloy composition, cooling rates and heat input [3] .
The gas tungsten arc welding (GTAW) process is the most common process used for root beads on duplex pipe, and the addition of a backing gas is used to prevent excessive oxidation of the root pass. When pure argon is used for the shielding and backing gas, some nitrogen loss occurs, which increases the amount of ferrite in the microstructure and in turn can have a negative effect on the weld metal properties. Nitrogen can be added to the shielding and backing gases to avoid this occurring. The effects of using nitrogen in the shielding and/or backing gas has been investigated by various authors who have reported an increased resistance to pitting corrosion by increased austenite formation and lower levels of chromium nitrides in the weld metal microstructure [3, [6] [7] [8] [9] [10] [11] [12] .
It is known that multi-pass duplex welding can have unfavourable effects on the phase balance of preceding weld passes when compared with thinner duplex sections [4, 13, 14] . Root weld properties of those thicker sections have not been extensively investigated. Busschaert et al. [15] investigated impact toughness of a selection of forged flanges and 25Cr duplex pipe material welded by GTAW for subsea applications. Charpy V-Notch (CVN) tests across a range of low temperatures showed consistent high-impact energy values for the weld metal specimens down to -100°C. Westin et al. [7] investigated the effects on mechanical and microstructural properties of superduplex (25Cr) welded material using different gas mixtures on 16-mm-thick 25Cr base material. The root and cold passes were welded with the GTAW process and flux-cored wire used for filling the joint. This study highlighted the use of three different backing gases and reported that only the backing mix of 90 % N 2 + 10 % H 2 passed the pitting corrosion test following ASTM G48 while the 100 % Ar and 100 % N 2 gas failed. The highest CVN impact toughness value, however, was obtained when using pure Ar.
Heavy-walled pipe used for the collection of hydrocarbons subsea are increasingly exposed to harsh conditions, and the internal root welds are exposed to high levels of H 2 , H 2 S, and CO 2. The expectation for a lengthy service life therefore places a high degree of quality control on the designer and fabricator to obtain the optimum properties of the weld during the manufacturing process. This investigation thus focuses on the properties of root welds in as-welded condition in 23-mmthick 22Cr duplex piping. The objective of this work was to determine the effect of nitrogen on the root weld microstructure of multi-pass welded duplex and how this in turn affects the mechanical properties and pitting corrosion resistance.
Experimental
The base material was Ø 250 × 23.01 mm duplex seamless pipe of ASTM A790 UNS S31803/EN 1.4462 (also fulfills UNS S32205) type in solution annealed condition. The filler metal was Ø 2.4 mm ER2209 solid wire. The chemical compositions are shown in Table 1 .
Welding was performed manually using the GTAW process with direct current using electrode negative polarity. The welding position was 5G and a single V-groove joint preparation was used with a 4-mm root gap that included bridging tacks. The equipment used was a Lincoln Invertec V405-TP with an air-cooled welding gun that utilized a 2.4-mm thoriated tungsten electrode. As Table 2 shows, the backing gas ranged from pure argon to pure nitrogen. The shielding gas was Ar + 2 % N 2 for all welds apart from when pure argon was used as backing gas. In addition to the root and cold passes, around 19-20 filling and capping runs were required to complete each weld. Welding commenced once the level of oxygen in the backing gas was below 100 ppm, which was monitored with an oxygen analyser. The backing gas was maintained until the cap layer was made. The interpass temperature for each pass was below 100°C. The welding parameters are presented in Table 3 .
All welds were subjected to non-destructive radiographic testing. Cross-sections of the welds were prepared and polished to 1 μm finish using standard metallographic techniques and examined in both un-etched and etched conditions. Electrolytic etching was performed in 40 % NaOH for detecting detrimental intermetallic phases and 40 % KOH for phase balance measurements. The ferrite content was measured in accordance with ASTM E562 [14] and the average given with 95 % confidence interval. The samples were taken from 9 o'clock position. Vickers microhardness testing with a load of 10 kg was performed on transverse root sections within 2 mm from the inner surface. Transverse weld tensile testing was conducted on double specimens taken at 6 and 12 o'clock. Root and side bend tests were carried out on specimens using a mandrel with a diameter of 4 × t and bent to 180°. The root bend specimens were taken from 4 and 10 o'clock and side bend samples at 2 and 7 o'clock. Sub-size (5 × 10 × 55 mm) Charpy V impact tests specimens were prepared from the root weld area of the joint and tested at −46 and −65°C. The samples were taken from 1 and 5 o'clock. Scanning electron microscopy (SEM) was performed on the fracture surface of select impact specimens, with a Phillips FEG-SEM XL30. Pitting corrosion resistance testing was carried out using 6 M FeCl 3 in accordance with ASTM G48 Method A [15] . The specimen size was 25 × 50 × 23.01 mm, and they were obtained from the 3 o'clock position. All sawcut sides were polished to a P600 finish. No passivation or pickling was applied after welding. Both the external and internal weld caps were left in the as-welded condition. The test duration was 24 h at a temperature of 23°C. Nitrogen analysis was performed on the deposited root weld metal using the Leco combustion technique.
Results
Radiographic inspection showed sound welds free from defects. The tensile tests all fractured in the base material at almost identical tensile strength (765 ± 6 MPa). All side bend tests were free from defects. The root bend tests were acceptable, apart from a 2.5-mm fissure found in one of the samples welded with Ar + 20 % N 2 . Subsequent micro and SEM analysis identified this defect as lack of fusion near the root surface. Hardness results are shown in Table 4 . Ar + 2 % N 2 provided the lowest hardness values when compared with all other specimens. The backing gas had no clear effect on the root weld metal hardness. The microstructure of the root is shown in Fig. 1 . Most secondary austenite due to reheating was found for the sample welded with pure argon, where the surface also showed some nitrogen depletion and presence of chromium nitrides. There was no evidence of any detrimental phases such as sigma or chi phase in the root area nor the weld metal. The austenite content increased with nitrogen in the backing gas. Figure 2 shows the values measured for the root weld metal, HAZ and adjacent base metal. The highest volume fraction of ferrite recorded was when using pure argon as backing gas. These values decreased as nitrogen was added to the backing gas. The difference between the backing gases was small, but the lowest weld root ferrite content was measured for Ar + 20 % N 2 . Figure 3 presents the impact toughness at −46 and −65°C. At −46°C, pure argon showed the highest value and Ar + 10 % N 2 the lowest average value, but there was no apparent correlation with the backing gas composition. At −65°C, the average impact toughness increased and the standard deviation decreased with nitrogen content in the backing gas.
The SEM fracture surface assessment of the CVN impact samples is presented in Table 5 . A limited number of samples were selected based on the highest and lowest values from impact testing.
Visual examination of the CVN fracture surfaces showed a ductile appearance with significant lateral expansion for all samples apart from the argon sample tested at −65°C. SEM examination of the argon sample tested at −46°C showed that the notch root had torn on slightly different planes during testing with dimpled areas indicating ductile behaviour. The area just below the notch was mostly dimpled with some flat features, which also had some evidence of dimples. Higher magnification of the apparently ductile areas showed wellformed dimples (Fig. 4a ). The argon sample tested at −65°C showed mixed appearance of dimples and flat features. There were ridges perpendicular to the notch associated with the flat regions and one separating flat areas from the dimpled areas. The amount of dimpled areas was significantly less than that tested at −46°C, and this also reflects the lower impact toughness of this sample. The flat facets were not completely devoid of deformation as some dimples were evident (Fig. 4b) . Both samples welded with pure nitrogen as backing gas showed some tearing parallel to the root of the notch and in higher magnification dimpled appearance ( Fig. 4c and d) . The approximate mid thickness area also showed dimpled appearance. Table 6 summarizes the pitting corrosion test results. The highest weight loss occurred when pure argon was used as a backing gas and pitting was also found in the weld root as shown in Fig. 5 . Ar + 2 % N 2 showed small weight loss, but no pitting. All backing gas compositions with higher nitrogen content had no measurable weight loss. Table 7 shows the Leco analysis of nitrogen in the root weld area. The argon weld was depleted in nitrogen. The nitrogen content increased with Ar + 2 % N 2 backing gas and reached the solubility limit with Ar + 10 % N 2 and did not increase further when adding more than 10 % N 2 to the backing gas.
Discussion
The backing gas did not affect the transverse weld metal tensile test results as the samples failed in the base material. This is attributed to the overmatching strength of the filler metal. In addition, nitrogen did not have any significant influence on the hardness profile as all welds had a similar hardness.
From the phase balance measurements, the highest volume fraction of ferrite (46 %) was observed with 100 % Ar as the shielding and backing gas. The microstructure showed distinct ferrite grains with Widmanstätten and secondary austenite. The ferrite content decreased when adding nitrogen to the shielding and backing gas and resulted in an average level of 33-35 % in the weld metal and 25-35 % in the root pass. The effect that nitrogen had on the root weld microstructure was a more refined microstructure with higher levels of austenite.
One hundred percent Argon as backing gas showed localized corrosion attack in the weld metal and corresponding high weight loss. This is correlated to nitrogen loss at the very surface resulting in higher weld metal ferrite content and exposing chromium nitrides to the corrosive medium [8, 12] . Pitting takes preference to the ferrite phase. By adding nitrogen to the backing gas, localized corrosion was avoided. This is consistent with previous research [8, 12] concluding that the presence of nitrogen prevents nitrogen loss and forms a protective thin layer of austenite at the weld root surface, which assists to prevent pitting corrosion. With Ar + 2 % N 2 , there was still a small weight loss of 1.7 g/m 2 exceeding what is allowed in ASTM A923 (1 g/m 2 ). At least 10 % N 2 was required to pass the corrosion test, and this is consistent with what has been reported elsewhere [1, 9, 12] . Leco analysis found that a nitrogen content of >0.20 % was obtained in the root weld metal with Ar + 10 % N 2 , Ar + 20 % N 2 and 100 % N 2 . With Ar + 10 % N 2 , the root weld metal nitrogen content had reached solubility level and no weight loss was measured for this gas type or higher nitrogen fractions. This is consistent with other research stating that at least 5 % nitrogen in the backing gas is needed [1, 12] .
CVN testing at −46°C showed almost identical average impact toughness for pure argon and pure nitrogen (95 and 94 J, respectively) and Ar + 10 % N 2 the lowest average value (73 J). All samples showed a ductile failure mode, and there was no apparent correlation with the backing gas composition. Increased nitrogen level in the backing gas did, however, have a positive effect at −65°C. The average impact toughness increased and the standard deviation decreased with nitrogen content in the backing gas. Pure argon had mean CVN of 45 J, while pure nitrogen was as high as 85 J, only 9 J lower than the result at −46°C. Nitrogen thus has a positive influence on impact toughness at lower temperatures. It is believed that the more uniform austenite formation plays a role as ferrite becomes more brittle at lower temperatures. Visual examination of the CVN fracture surfaces also showed less plastic deformation for pure argon impact samples tested at −65°C, while the pure nitrogen samples still showed ductile fracture. The samples made with Ar + 2 % N 2 , Ar + 10 % N 2 and Ar + 20 % N 2 as backing gas also showed ductile failure as compared to pure argon. Most duplex specifications and standards used in the oil and gas industry state that the average weld metal ferrite content should be 35-65 % for optimum properties. The welds performed with pure argon had 48 % ferrite, but did not pass the ASTM G48 pitting corrosion test. With nitrogen additions to the shielding and backing gas, the average weld metal ferrite content was in the lower range, 33-35 %, but then, these welds passed the corrosion test and still showed good mechanical properties. This confirms that assessment of microstructure should be of informative character and not a cause of rejection. It is relevant to qualify a welding procedure by demonstrating with mechanical and corrosion testing that the procedure, when applied to the base material at the proposed thickness, will not deteriorate the toughness or corrosion resistance.
Conclusions
The effect of various levels of argon and nitrogen as backing gas on mechanical properties and corrosion resistance has been investigated for 23-mm thick 22Cr duplex pipes manually welded with ER2209 filler metal using the GTAW process. One hundred percent Ar as shielding and backing gas showed localized pitting corrosion and did not pass ASTM G48 testing. Use of nitrogen additions to the backing gas improved the resistance to pitting attack and at least 10 % nitrogen was needed if the requirements of both ASTM G48 and ASTM A923 were to be met. The influence of nitrogen had no effect on transverse tensile and hardness values of the root weld. At −46°C, the impact toughness could not be correlated to the backing gas composition, but at −65°C, nitrogen had significant positive effect with lower standard deviation.
